ablation for PEPT1 in mice abolishes the effects of dipeptides on small intestinal fluid absorption, short-circuit current, and intracellular pH.
14
C]Gly-Sar uptake, short-circuit current (Isc) response, and enterocyte pH i in vitro were determined in wild-type and PEPT1-deficient mice and in mice lacking PEPT1. Immunohistochemistry for PEPT1 failed to detect any protein in enterocyte apical membranes in Slc15a1 Ϫ/Ϫ animals. Saturable Gly-Sar uptake in Slc15a1 Ϫ/Ϫ everted sac preparations was no longer detectable. Similarly, Gly-Sar-induced jejunal Isc response in vitro was abolished. The dipeptide-induced increase in fluid absorption in vivo was also abolished in animals lacking PEPT1. Since PEPT1 acts as an acid loader in enterocytes, enterocyte pHi was measured in vivo by two-photon microscopy in SNARF-4-loaded villous enterocytes of exteriorized jejuni in anesthetized mice, as well as in BCECF-loaded enterocytes of microdissected jejunal villi. Gly-Sar-induced pHi decrease was no longer observed in the absence of PEPT1. A reversal of the proton gradient across the luminal membrane did not significantly diminish Gly-Sar-induced Isc response, whereas a depolarization of the apical membrane potential by high K ϩ or via Na ϩ -K ϩ -ATPase inhibition strongly diminished Gly-Sar-induced Isc responses. This study demonstrates for the first time that proton-coupled electrogenic dipeptide uptake in the native small intestine, mediated by PEPT1, relies on the negative apical membrane potential as the major driving force and contributes significantly to intestinal fluid transport. pH regulation; nutrient absorption; electrolyte transport; knockout mice THE SOLUTE CARRIER FAMILY 15 includes PEPT1 (SLC15A1), which is a H ϩ -coupled, Na ϩ -independent transporter for diand tripeptides found in enterocyte brush border membranes (BBM) throughout the small intestine (14) . It is suggested to contribute substantially to overall amino acid uptake in the gut by providing an energy-saving uptake mechanism for di-and tripeptides followed by intracellular hydrolysis of peptides with release of free amino acids (2, 3, 18, 32, 33) . It also has been shown to allow intestinal uptake of a variety of drugs (10, 13) as well as of bacterial and anti-inflammatory peptides, turning PEPT1 into a mediator of intestinal diseases but also a desirable drug target (7, 9) .
Early studies in intact isolated intestinal mucosa in Ussing chamber systems demonstrated the electrogenicity of dipeptide transport, and this was initially believed to be due to sodium coupling (1, 8) . Using isolated intestinal BBM vesicles, Minami et al. (35) and Ganapathy and colleagues (15, 16) demonstrated that dipeptide uptake across intestinal BBM vesicles was independent of Na ϩ but stimulated by a imposed pH gradient. On the basis of the finding of an acidic microenvironment near the jejunal brush border membranes (11, 30) , Ganapathy and Leibach (17) suggested that a proton gradient may provide the energy for dipeptide absorption in the native intestine. Short-circuit current (I sc ) and intracellular pH (pH i ) measurements in guinea pig enterocytes (19) or Caco-2 cells expressing PEPT1 (12, 41, 43) established that a functional coupling of peptide influx and proton movement was dependent on the apical Na ϩ /H ϩ exchanger and that inhibition of the Na ϩ /H ϩ exchanger reduced Gly-Sar-induced I sc responses (24, 42) . Taken together, these observations created the concept that the driving force for H ϩ /dipeptide transport resulted from the acidic pH microclimate in the jejunum (10, 17) .
However, the pH microenvironment adjacent to jejunal cells was later found to be subject to many variables, making it a rather unstable driving force for a nutrient transporter (22, 26, 27) . In addition, PEPT1 when expressed in Xenopus oocytes displays also a pH dependence for uptake with increased transport rates at pH Ͻ 6.5, but those were shown to depend on the substrates and its net charge, whereas maximal transport currents recorded under voltage-clamp conditions revealed that those were solely dependent on membrane voltage but not extracellular pH (25) . When substrates were present on both sides of the membrane in sufficiently high concentrations, the direction and rate of transport were solely dependent on the membrane potential.
Recently, a PEPT1-deficient (Slc15a1 Ϫ/Ϫ ) mouse was reported (23) , and by use of radiolabeled nonhydrolyzable GlySar in micromolar concentrations a strongly diminished appearance of radioactivity in the circulation has been shown (23) . We here provide data based on tracer flux studies, by I sc measurements and by novel techniques for pH i recordings in vivo and in vitro, that unequivocally demonstrate that saturable Gly-Sar uptake is exclusively PEPT1 mediated and that at high (physiological) dipeptide concentrations, the negative membrane potential is essential to maintain high H ϩ /dipeptide uptake rates.
MATERIAL AND METHODS

Chemicals.
If not indicated otherwise, chemicals were obtained from Sigma (Deisenhofen, Germany) or Merck (Darmstadt, Germany). PEPT1 antibody was kindly provided by Prof. L. Barbot, Paris, France. Hoe 642 and S1611 were kindly provided by SanofiAventis, Frankfurt, Germany. Nigericin, 2,7-biscarboxyethyl-5(6)-carboxyfluorescein (BCECF), and SNARF-4 were purchased from Molecular Probes (Leiden, the Netherlands).
Animal breeding. Slc15a1 Ϫ/Ϫ mice were purchased from DELTAGEN (San Mateo, CA; target no. T1589) and were bred on the C57Bl/6 background. Age and sex-matched littermates or cousins of ϳ4 -6 mo of age were used. The same strain was used for the wild-type (WT) experiments. Animal experiment protocols were approved by the Hannover Medical School and local authorities for the regulation of animal welfare (Regierungspräsidium). Animals were fasted overnight with free access to water before the experiments.
Immunohistochemical staining. Mouse jejunum was prepared for immunohistochemistry as described (6) , and the details concerning technique and antibodies are given elsewhere (29) . Sections from jejunum of WT and Slc15a1 Ϫ/Ϫ animals were imaged with identical confocal settings.
14C-Gly-Sar uptake in everted jejunal sacs of Slc15a1 Ϫ/Ϫ and ϩ/ϩ mice in vitro. Uptake of Gly-Sar into jejunal mucosa can be measured by the everted sacs (20) or the everted ring method (23). We used everted sacs for assessing transmucosal permeation of Gly-Sar. Mice were killed by brief CO2 narcosis followed by cervical dislocation, the jejunum was excised and everted, and ϳ1-cm-long jejunal segments were tied at both ends and filled with buffer A [solution composition in mM: 108 NaCl, 22 NaHCO3, 10 HEPES, 5 Tris, 2.25 KH2PO4, 1.5 K 2HPO4, 1.2 MgSO4, 1.2 Ca-Gluconate, pH 7.4 gassed with gassed with carbogen (5% CO 2-95% O2)]. They were incubated for 10 min in prewarmed, carbogen-gassed buffer A in the presence of 10 or 50 M 14 C-Gly-Sar and increasing concentrations of unlabeled Gly-Sar. After incubation, the sacs were placed on ice and opened, the fluid was collected, and the tissue was dried overnight and weighed. Tissue and serosal fluid were counted in liquid scintillation cocktail, and the results were expressed as picomoles Gly-Sar per milligram protein or as micromolar Gly-Sar per milliliter of serosal fluid.
In vivo fluid absorption measurement. The single pass perfusion technique to measure fluid absorptive rates in vivo was previously described (39) . In brief, induction of anesthesia was achieved by the administration of 10 l of a haloperidol-midazolam-fentanyl cocktail (haloperidol 12.5 mg/kg, fentanyl 0.325 mg/kg, and midazolam 5 mg/kg body wt) intraperitoneally. The abdomen was opened by a small central incision, a small polyethylene tube (PE100) with a distal flange was advanced into the proximal jejunum (ϳ8 cm away from stomach) and secured by a ligature that served as inlet tube. A distal PE200 flanged tubing was inserted into the end of the jejunal segment and secured by ligature. An ϳ5-to 7-cm isolated jejunum segment with an intact blood supply was gently flushed and then perfused (Perfusor compact, Braun) at a rate of 3 ml/h with 154 mM NaCl to determine baseline absorptive rates. After an initial 30-min washout and recovery period, basal fluid absorption was measured for 30 min. To examine the effect of luminal Gly-Sar, the jejunal segment was perfused with isotonic solution NaCl ϩ Gly-Sar (144 mM NaCl ϩ 20 mM Gly-Sar) or NaCl alone (154 mM NaCl) as control. At the end of experiments mice were killed by cervical dislocation and the length of jejunum was measured. The perfusate was collected in a preweighed 4.5-ml collecting tube. After each 30-min period the tube was weighed again, and the difference was taken as the amount of fluid recovered, with 1 g (equivalent to 1 ml). This fluid weight was subtracted from 1.5 g (the fluid weight entering the jejunum within a 30-min period). All the values were represented in milliliters of fluid absorbed per centimeter jejunum length per hour (ml · cm Ϫ1 ·h Ϫ1 ). Two-photon confocal microscopy for in vivo pH i measurement. Animal preparation and anesthesia were performed as described in the above paragraph for the in vivo fluid absorption experiments. The jejunum was exteriorized with intact blood supply, opened at the side opposite to the mesentery, and mounted on a custom-made superfusion chamber with an exposed area of 0.07 cm 2 . The exposed part of jejunum was loaded with SNARF-4 (20 M) for 10 min and then superfused with buffer A. To minimize photobleaching, the exposed part of the jejunum was perfused for 15 min, followed by ratiometric measurements for 4 min at the interval of 1 min. Subsequently, the exposed jejunum was perfused with buffer A containing 20 mM Gly-Sar (in replacement for 10 mM NaCl), and ratiometric measurements were performed 5 min later for another 4 min. Images were collected with an upright Leica TCS SP2 confocal microscope with a ϫ20 water immersion objective and a MaiTai Ti: sapphire-pulsed laser (Spectra-Physics). SNARF-4 was excited with a two-photon laser at 856 nm, and the emission was collected at 580 nm (523-605 nm) and 640 nm (610 -700 nm). All the images were collected at ϳ100 m down the villus tip and care was taken to have the same region of interest throughout the whole experiment. Since calibrating in situ was not feasible all values are represented in ratios of the emission intensities at 640/580 nm.
Preparation of isolated intestinal mucosa and Ussing chamber experiments. Isolated jejunal mucosa was prepared as described before (37) , mounted between two chambers with an exposed area of 0.625 cm 2 , and the measurements of Isc were performed as previously reported (37) .
Preparation of isolated intestinal villi for fluorometry. For measuring pHi in isolated jejunal villi, the proximal jejunum (ϳ6 cm distal to the pylorus) was removed and immediately placed in ice-cold oxygenated Ringer's solution (solution composition in mM: 147 NaCl, 4 KCl, 2.2 CaCl2) with 500 M DTT to prevent the mucus to clog the villi, pH 7. 4 . The jejunum was sliced into 0.5-cm sections and each section was opened along the mesenteric border. One piece of tissue was transferred onto the cooled stage of a dissecting microscope, and individual villi were detached from the intestine by snapping off the jejunal base with sharpened microdissection tweezers. Care was taken not to damage the apical part of the villi. The villi were attached to a glass coverslip precoated with Cell-Tak adhesive (BD Biosciences, Bedford, MA).
Fluorometric pHi measurements in intact jejunal villi. Isolated individual villi were loaded for ϳ10 min with 16 M BCECF-AM (Molecular Probes) in Ringer's solution at room temperature. After being loaded, the villi were fixed on the coverslip with a polycarbonate membrane (25 mm diameter, pore size 3 m, Osmonics, Minnetonka, MN) in a custom-made perfusion chamber, mounted onto the heated (37°C) stage of an inverted microscope (Zeiss Axiovert 200, Carl Zeiss, Jena, Germany), and perfused with prewarmed, carbogen-gassed buffer A and followed with buffer A containing 20 mM Gly-Sar (in replacement for 10 mM NaCl) or, for the experiments described in Fig. 8 , B-F, in O2-gassed buffer B (solution composition in mM: 120 NaCl, 10 HEPES, 5 Tris, 2.25 KH2PO4, 1.5 K2HPO4, 1.2 MgSO4, 1.2 Ca-gluconate, 10 glucose, pH 7.4) for 20 min for a stable baseline reading, before the respective experiments were performed as detailed in the text. The images were digitized for 30 s with a cooled charge-coupled device camera (CoolSnap ES, Roper Scientific, Ottobrunn, Germany) by using the Metafluor software (Universal Imaging, Downington, PA) during exposure of cells to alternating 440-and 495-nm light from a monochromator (Visichrome, Visitron Systems, Puchheim, Germany) with a 515-nm DCXR dichroic mirror and a 535-nm barrier filter (Chroma Technology, Rockingham, VT) in the emission pathway. Individual regions of interest at the tip of the villi were outlined ( Fig. 6A ) and monitored during the course of the measurement. Approximately two to three villi were measured per experiment, and the results of these flux measurements averaged for each mouse; n is the number of mice that were used for each individual data bar, usually indicating the pairs of Slc15a1 Ϫ/Ϫ and ϩ/ϩ mice used for each experiment. The 440/495 time course was reproduced from the stored images after background subtraction. Calibration of the 440/ 495 ratio was performed exactly as described (21) .4, and 6.0). This method has been developed in pancreatic ducts and takes into account the fact that the steady-state pH i in a given cell type and mouse genotype and knockout strain is more constant than the one that is determined in a complex cellular system by calibrating each individual experiment with a two-point calibration at the end of a long experiment. For calibration of each experiment, we initially assessed the ratio under the given steady-state conditions in CO 2-HCO3 Ϫ or O2-HEPES and then selected the respective calibration curve for which this ratio matched the steady-state pHi and converted the whole experiment from the respective ratio into pHi values.
Determination of buffering capacity. Intrinsic (intracellular buffering capacity in the absence of CO 2/HCO3 Ϫ ) buffering capacity (␤i) of jejunal villi was determined as described by Roos, Boron, and colleagues (5, 36 ]o was known, and pKa at 37°C is 8. 9 . There were no apparent differences in ␤i among different backgrounds of murine jejunal villi. The total buffering capacity (␤ total) was calculated from the following equation:
, where S is solubility of CO2 in cell cytoplasm (we used the value for blood) and pKa is 6.36 at HCO 3 Ϫ /CO2 (Fig. 8C) . The snapped and BCECF-loaded villi were mounted and perfused with 5% CO2-gassed HCO 3 Ϫ containing buffer A. The villous cells were acidified by 40 mM NH4Cl and followed by Na Statistical analysis. Results are given as means Ϯ SE. Statistical significance was determined by ANOVA with Tukey's honestly significant difference test as a post hoc test for multiple comparisons and Student's t-test in its unpaired form for pairwise comparisons. For SE calculation and statistics, n ϭ 1 was defined as the means of values from one mouse per experimental setting (with each treatment, or gene deficiency, being one experimental setting). For example, n ϭ x means that x pairs of ϩ/ϩ and Ϫ/Ϫ mice were used.
RESULTS
Immunohistochemical staining for jejunal PEPT1. Immunohistochemical staining of PEPT1 was performed for jejunal tissue sections obtained from Slc15a1 Ϫ/Ϫ and WT mice. As shown in Fig. 1 , jejunum samples stained intensely for apical PEPT1 whereas no staining was observed in animals lacking PEPT1.
Saturable Gly-Sar uptake into jejunal enterocytes is abolished in Slc15a1
Ϫ/Ϫ animals. As shown in Fig. 2A , uptake rates of Gly-Sar per milligram jejunal dry weight as a function of luminal Gly-Sar concentration display a saturable component, as well as a dose-dependent linear component. In Slc15a1
tissues only this linear concentration-dependent part was observed. Despite a 10-fold difference in Gly-Sar uptake into tissues from Slc15a1 ϩ/ϩ compared with Slc15a1 Ϫ/Ϫ animals, the appearance of tracer in the serosal fluid did not reveal any significant differences at this early time point (Fig. 2B) . This indicates that non-PEPT1-mediated trans-and paracellular permeation processes may in this model control overall transepithelial flux and that this technique is not suitable to study PEPT1-mediated H ϩ /dipeptide transport at high luminal (43) . In WT mice, luminal application of Gly-Sar resulted in a concentration dependent increase in I sc (Fig. 3A) . A 20 mM dipeptide concentration was used in all further experiments as this mimics best the conditions after protein digestion and hydrolysis in the small intestine. In the absence of PEPT1, Gly-Sar application did not increase I sc (Fig. 3, B and C) but caused a slight deflection into opposite direction. This was observed when 20 mM Gly-Sar was added in a small volume to the luminal bath (causing a small increase in luminal osmolarity) but also when an isoosmotic replacement was done. To test the reason for this positive I sc deflection, we luminally applied 20 mM mannitol (which permeates the intestinal epithelium exclusively paracellularly), either in a small volume of a 1 M solution or by isoosmotic replacement (Fig. 3D) . The positive I sc deflection was similar with an isoosmotic replacement. On the other hand, the addition of 20 mM NaCl in a small volume of a 1 M solution, also increasing the osmolarity but creating a mucosal-to-serosal Na ϩ gradient, resulted in a small, transient negative I sc response. This suggests that both an increase in osmolality and a decrease of the luminal sodium concentration causes sodium and fluid to move through the cation-selective tight junctions, and this is accompanied by net charge movement. The opposite occurs when the luminal sodium concentration is increased.
These experiments demonstrate that the I sc response to the dipeptide in mouse jejunum is solely dependent on PEPT1 and no other electrogenic transporter mediates Gly-Sar transport. They also show that the I sc response is a good assessment for H ϩ /dipeptide transport rate in intact tissue, if the movement of charge through the cation selective tight junctions is observed as a caveat (see DISCUSSION) .
PEPT1-mediated dipeptide uptake strongly augments fluid absorption. Jejunal segments of anesthetized WT and Slc15a1 Ϫ/Ϫ animals were sequentially perfused with 154 mM NaCl for 30 min followed by an isoosmotically adjusted solution of 144 mM NaCl and 20 mM Gly-Sar for another 30 min while fluid absorptive rates were determined. The luminal application of 20 mM Gly-Sar resulted in a surprisingly strong increase in intestinal fluid absorption in vivo, which was absent in the mice lacking PEPT1 (Fig. 4) . These experiments demonstrate that under physiological condition with a high luminal concentration of di-and tripeptides absorption is accompanied by a substantial concomitant salt and fluid absorption and this is dependent on the presence of PEPT1.
Gly-Sar induces PEPT1-dependent changes in villous enterocyte pH i in vivo and in vitro. Villous enterocyte pH i was measured in vivo in exteriorized proximal jejunum in a special perfusion chamber before and during luminal perfusion with Gly-Sar by two-photon microscopy in anesthetized WT and Slc15a1 Ϫ/Ϫ mice. To avoid villus movement artifacts during perfusion, measurements were taken before and after the change to the Gly-Sar-containing solution in the same villus and at identical distance from the villous tips. Because of rapid photo bleaching of SNARF-4 under laser light excitation, the ratio was taken only every minute, and the light path was shut during the intervals to allow for dye recovery. In WT mice, Gly-Sar perfusion caused a rapid decrease of the SNARF-4 ratio, which is a reflection of villous enterocyte pH i decline (Fig. 5, A and B) . No significant acidification was observed in mice lacking PEPT1 (pH i measurements without Gly-Sar application were not significantly different from the pH i curve in Gly-Sar exposed PEPT1-deficient enterocytes; data not shown). This indicates that H ϩ /dipeptide cotransport results in an acidification of enterocyte pH i only in the presence of a functional PEPT1 protein. Because of a degree of uncertainty in the calibration of in vivo pH i measurements, we next microdissected jejunal villi and loaded those with the fluorescent dye BCECF (Fig. 6A) . Upon Gly-Sar superfusion, enterocyte pH i rapidly decreased to a new plateau with no pH i change observed in isolated villous enterocytes of Slc15a1 Ϫ/Ϫ mice (Fig. 6B) .
The transmembrane proton gradient is not necessary to maintain Gly-Sar uptake. In assessing whether a transmembrane pH gradient contributes to the Gly-Sar-induced I sc responses, luminal pH was set to different values. To assess whether these changes in luminal pH result in changes in intracellular pH, fluorometric measurements were performed in vivo as described for the experiments in Fig. 6 (data not shown) and in vitro (Table 1) , by superfusing the villi with solutions with different pH, as described in MATERIAL AND METHODS for superfusing with Gly-Sar containing solutions. We found that whereas ratio changes can easily be studied in BCECF-or SNARF-4-loaded chambered mucosa, pH i calibration was unreliable in intact tissues. Therefore, we used microdissected villi in vitro for calibration and to calculate the pH i in villous tip enterocytes when superfused with the given luminal pH values (see Table 1 ). Under control conditions (luminal pH 7.4), pH i was 7. 31 . At luminal pH of 6 and 5.5, pH i was ϳ 6.8 and 6.4, i.e., a substantial transmembrane proton gradient was built up. However, at luminal pH 7.8 pH i increased to 7.39, i.e., the transmembrane proton gradient strongly decreased or in fact it became negative. Changes in luminal pH also resulted in fluorometric ratio changes in the SNARF-4 loaded villi in vivo, indicating that the changes in luminal pH lead to complementary changes in pH i (even if we could not calculate the exact transmembrane proton gradient in this model). It is important to note that all of these luminal values are consistent with enterocyte survival, as evidenced by normal glucose-induced I sc values after changing luminal pH back to 7 . 4 . Figure 7A shows the time courses of the I sc responses at different luminal pH values and Fig. 7B the resulting Gly-Sarinduced I sc responses at three different luminal pH values. It becomes obvious that a normal Gly-Sar-induced I sc response can be obtained in the absence of a proton gradient into the enterocyte (conditions at luminal pH of 7.4 and 7.8). Thus the transmembrane proton gradient is not essential to create a Ϫ/Ϫ mice. Jejunal fluid absorption rates were measured in anesthetized, luminally perfused WT and Slc15a1 Ϫ/Ϫ mice before and during luminal application of 20 mM Gly-Sar. A robust increase in jejunal fluid absorption was observed upon an isoosmolar exchange of NaCl with Gly-Sar, which was completely absent in the Slc15a1 Ϫ/Ϫ jejunum. Because of the obligatory coupling of solute to water transport, this suggests that PEPT1 is the only dipeptide carrier in the murine jejunum of any quantitative significance. *P Յ 0.05 vs. WT; n ϭ 5.
driving force for H ϩ /dipeptide transport at high luminal substrate concentrations. Moreover, in contrast to the situation in Caco cells (24, 41, 42) , a low luminal pH even reduced Gly-Sar-induced I sc in native intestine, similar to findings in oocytes expressing PEPT1 (25) . Because changes in luminal pH may result in changes in basolateral pH in isolated chambered intestine, we also performed I sc measurements in the bilateral presence of pH 6, pH 7.4 , and pH 7.8 (Fig. 7, C and  D) . However, the results were not significantly different from those where only luminal pH was altered, with similar Gly-Sar I sc responses in all three groups.
A membrane depolarization strongly inhibits the Gly-Sarinduced I sc response. For determining the importance of the membrane potential on Gly-Sar-dependent I sc responses, a membrane depolarization was induced by the inhibition of Na ϩ /K ϩ ATPase via a serosal ouabain application. The efficacy of exposure to 100 M ouabain for 20 min on membrane depolarization was tested by a forskolin stimulation of I sc ; 10 Ϫ5 M forskolin caused a sustained I sc response in nontreated jejunum but only a transient I sc response with rapid and complete collapse in tissues pretreated with 100 M ouabain (data not shown). Ouabain pretreatment strongly inhibited Gly-Sar-mediated I sc , as shown in Fig. 8A , and also inhibited, but less strongly so, I sc response to 20 mM glucose. For assessing whether the effect of ouabain may have been due to interference with the luminal Na ϩ /H ϩ exchanger NHE3, which is also known to be important for PEPT1-mediated transport (42), we determined acid-activated Na ϩ /H ϩ exchange activity fluorometrically after an ammonium prepulse. Na ϩ -dependent, Hoe642-insensitive proton extrusion rates were not different in villous enterocytes after preincubation with ouabain compared with untreated villi (Fig. 8B shows the pH traces; Fig. 8C shows the buffer capacity curve; Fig. 8 , D-F, shows the NHE3-mediated proton extrusion rates in the presence of ouabain or high K ϩ , and in the absence of NHE3 expression or after NHE3 inhibition). These experiments demonstrate that ouabain pretreatment or 25 mM luminal K ϩ does not significantly inhibit acid-activated NHE3 exchange rates but have a strong inhibitory effect on Gly-Sar-induced I sc . The ouabaininduced reduction of Gly-Sar-induced I sc is therefore likely a consequence of membrane depolarization.
An alternative method for membrane depolarization is the application of high K ϩ concentrations. To avoid the generation Fig. 5 . Gly-Sar-induced changes in intracellular pH (pHi) in vivo in the presence and absence of PEPT1 expression. A: in vivo pHi measurement in SNARF-4-loaded villous enterocytes in Slc15a1 ϩ/ϩ and Ϫ/Ϫ mice by 2-photon microscopy before and after Gly-Sar exposure. The areas of interest were in the villous enterocytes within the same x-y plane throughout the experiment. The exposed part of the jejunum was perfused with 5% CO2-gassed buffer A containing bicarbonate for 15 min, followed by ratiometric measurements for 4 min at the interval of 1 min, followed by buffer A containing 20 mM Gly-Sar (in replacement for 10 mM NaCl) for another 5 min and ratiometric measurements were performed for another 4 min. B: relative fluorescence ratio curve in Slc15a1 ϩ/ϩ and Ϫ/Ϫ jejunum, given as the difference of the averaged ratios before and during luminal Gly-Sar perfusion. Results represent means Ϯ SE of the emission intensity ration at 640 and 580 nm in groups of 6 mice. *P Յ 0.05 vs. WT. of dilution potentials, we substituted 25 or 70 mM Na ϩ with 25 and 70 mM K ϩ bilaterally. These maneuvers strongly inhibited (25 mM) and abolished (70 mM) Gly-Sar-induced I sc response. These data are consistent with those observed in PEPT1-expressing oocytes (25), i.e., that dipeptide transport rates depend on the membrane potential.
DISCUSSION
Several decades ago it was shown that a substantial part of dietary amino acids as derived from luminal digestion after a protein meal were absorbed as intact di-and tripeptides by a carrier system (2, 3, 18, 32, 33) . Further characterization of the transport process revealed that it relied on a transmembrane proton gradient and that it was electrogenic in nature as shown in isolated intestinal BBM vesicles (15) (16) (17) . Proton coupling was also shown in Caco-2 cells (43) or in isolated intestine by using Ussing chambers and measuring transport currents (44). That PEPT1 was indeed a proton-coupled rheogenic transporter was later confirmed in heterologous expression systems (28, 31) . With the demonstration of an acidic microenvironment in the vicinity of the brush border membrane in the jejunum (11, 30, 38) , the concept emerged that a transmembrane proton gradient contributes significantly as a driving force to peptide uptake in the mammalian intestine.
By use of the Slc15a1 Ϫ/Ϫ mouse line, it was recently shown that the transport of 14 C-Gly-Sar into intestinal tissue and into the blood was significantly reduced (23) . Using the everted sac technique, we here show that concentration-dependent 14 CGly-Sar uptake into jejunal tissues follows saturation kinetics, but with an additional linear term, whereas in animals lacking PEPT1 only the linear relationship between uptake and substrate concentration remained. Despite a reduction of almost 70% in overall uptake of Gly-Sar in Slc15a1 Ϫ/Ϫ mice, serosal fluid tracer concentrations did not reveal major differences compared with WT animals, demonstrating that this technique is not useful to study PEPT1 transport regulation at high (physiological) dipeptide concentrations. A calculation of the dipeptide concentration entering the small intestine after a 50-g protein meal, 2 liters of gastric acid secretion, and 2/3 of the protein hydrolyzed to amino acid with 1/3 remaining as di-and tripeptides results in an estimated intraluminal concentration of ϳ20 mM. Moreover, the concentration-response curve of GlySar-induced I sc response in murine jejunal mucosa has not reached plateau values yet at 20 mM luminal Gly-Sar. The requirements for sustained H ϩ /dipeptide absorption at physiologically high luminal substrate concentrations and the exclusiveness of PEPT1 as the dipeptide uptake mechanisms under these conditions have not been studied so far.
The electrogenicity of H ϩ /dipeptide cotransport enabled us to assess the I sc response to luminal peptide application. A robust I sc response was observed in the WT jejunum, whereas the I sc response to Gly-Sar in tissues of Slc15a1 Ϫ/Ϫ animals was small and in the positive direction. This positive deflection was found to be due to the extreme sensitivity of the jejunum for generating dilution potentials even with small changes in transepithelial Na ϩ concentration or osmolarity. When the luminal osmolarity was increased to the same degree by the addition of 10 mM NaCl, a slight deflection in the negative direction was observed. When both, the sodium concentration and the osmolarity was kept constant in both the luminal and serosal bath throughout the experiment (which required bilateral replacement of 10 mM NaCl by 20 mM mannitol in the first phase of the experiment), a switch to the Gly-Sar-containing solution did not change I sc in the Slc15a1 Ϫ/Ϫ jejunum. This indicates that even slight unilateral changes in luminal cation concentrations or osmolarity and the accompanying shifts in cation movement through the highly cation-selective pores of the tight junctions in small intestine generate dilution potentials Fig. 7. H ϩ /dipeptide transport is not dependent on the presence of a transmembrane proton gradient. A: Gly-Sar-induced Isc response is shown in WT jejunum at different transmembrane proton gradients (see Table 1 ). B: maximal Gly-Sar-induced pH response at different proton gradients. Clearly, robust Gly-Sar-induced Isc response was seen despite a reversed proton gradient. C and D: GlySar-induced Isc response with bilateral exposure to lower, higher, and physiological pH. *P Յ 0.05 vs. pH 7.4 condition; n ϭ 5- 7. and results in I sc alterations. Translated to the in vivo system, this means that in the small intestine of a mouse in which a substrate transporter is missing, the application of the substrate may nevertheless result not only in changes in fluid flux (because of the osmotic load in the lumen, but also in changes in transepithelial potential difference). Taking this into account, the experiments demonstrate that Gly-Sar-induced I sc responses are solely dependent on PEPT1 and can serve as an excellent readout for H ϩ /dipeptide absorption. Proton coupling of peptide transport enables to study its function also by assessing changes in intracellular pH. Fluorescence-based recordings of intracellular pH changes were obtained in vitro and in vivo in the absence and presence of PEPT1. Application of 20 mM Gly-Sar caused a substantial decrease of pH i in jejunal enterocytes, which was completely absent in animals lacking PEPT1. This acidification has been carefully analyzed in Caco-2 cells and was demonstrated to stimulate the activity of an apical Na ϩ /H ϩ exchanger (24, 41, 42) . In Caenorhabditis elegans mutants that do not express the PEPT1 ortholog, it was recently demonstrated that the interplay of PEPT1 and the Na ϩ /H ϩ exchanger not only controls pH i but could also be important for uptake of free fatty acids via the flip-flop mechanism and thereby affect body fat accumulation (34).
With the existence of a surface pH microclimate in the upper small intestine, proper pH conditions for allowing efficient H ϩ -coupled transport via PEPT1 functions have been assumed. However, recent observations both by us and others revealed that under physiological conditions the mucosal luminal surface pH is subject to changes by many parameters and may represent a rather unstable microcompartment particularly in the postprandial state (22, 26, 27, 40) . This would make peptide uptake subject to major changes, and it seems counterintuitive to link the absorption of important nutrients to a physiologically unstable driving force. We therefore reassessed the importance of the transmembrane proton gradient as part of the driving force for peptide uptake in the native intestine. By establishing different transmembrane proton gradients and measuring the I sc response to 20 mM luminal Gly-Sar, we observed that the I sc response was robust even when the transmembrane proton gradient was reversed with higher external than internal pH i . This unequivocally demonstrates that Fig. 8. H ϩ /dipeptide transport is membrane potential dependent. A: Gly-Sar-induced ⌬Isc in control conditions and after ouabain (100 M) preincubation for 20 min, or after changing the luminal and serosal solution to high K ϩ conditions (25 and 70 mM, respectively). Ouabain pretreatment or 25 mM K ϩ strongly inhibited Gly-Sarinduced Isc, whereas 70 mM K ϩ abolished the response completely. We also assessed the effect of these maneuvers on NHE3 activity, because this transporter is also important for H ϩ /dipeptide transport. B: typical pHi trace of an individual experiment. C: the intrinsic (measured in the absence of CO2/HCO 3 Ϫ ) and total (plus the CO2/ HCO 3 Ϫ -mediated buffer capacity, calculated with the Henderson-Hasselbalch equation) buffer capacity curves of murine jejunal villi. Enterocyte pHi was acidified to ϳ6.3 with the ammonium prepulse technique and Na ϩ -dependent pHi recovery was measured fluorometrically with and without preincubation with ouabain (100 M) for 20 min, and in the presence of Hoe642 (50 M), which inhibits NHE1 and 2 activity. D and E: acid-activated Na ϩ -dependent proton flux rates calculated during the initial phase of pHi recovery under the indicated conditions were not different with and without ouabain pretreatment, not different when luminal K ϩ was elevated to 25 mM, and slightly inhibited with luminal K ϩ of 70 mM. Thus the effects of ouabain and high K ϩ on Gly-Sar-induced Isc are likely due to membrane depolarization and not due to the inhibition of NHE3. F: genetic ablation or pharmacological inhibition by NHE3 specific inhibitor S1611 results in a robust reduction on acid-activated Na ϩ -dependent Hoe-insensitive proton flux rates. *P Յ 0.05, **P Յ 0.01, ***P Յ 0.001 vs. control condition; n ϭ 5 for each condition. in native tissues peptide uptake at high luminal substrate concentrations does not require a transmembrane proton gradient. Likewise, a bilaterally lower (6.0) or higher (7.8) than physiological pH i did not significantly affect Gly-Sar-induced I sc response, suggesting that the proton concentration is not rate limiting within the physiological range at high substrate concentration. Similar findings have been obtained in oocytes expressing PEPT1 in which low pH was shown to affect transport only at low but not at high substrate concentrations, suggesting that the V max of PEPT1 is therefore solely dependent on the inside negative membrane potential (25, 31) . In vivo this may also be dependent on an extremely high expression level of NHE3 and high activity allowing a rapid proton recycling. Since at low luminal pH (Յ5.5) we observed a significantly reduced I sc response compared with higher pH values, we cannot exclude an inhibitory effect of external H ϩ ions on apical Na ϩ /H ϩ exchange rates or a membrane depolarization by the low luminal pH (4), which would reduce transport. However, a distinct pH-profile with reduced uptake at pH values below 5.5 has also been observed for PEPT1 in heterologous expression systems and this is taken as an indication of a reduced concentration of the zwitterionic species of the substrates which are the transported form or by chemical inhibition of the transporter protein (25, 31) .
When a membrane depolarization by Na ϩ /K ϩ inhibition was initiated in mouse jejunum, a major reduction in Gly-Sarinduced I sc response was observed. This demonstrates the prime importance of membrane potential on transport capacity at physiologically high dipeptide concentrations. Basolateral Na ϩ -K ϩ -ATPase activity, which is tightly regulated, maintains membrane hyperpolarization and provides both the driving force for H ϩ /dipeptide uptake and through the apical Na ϩ /H ϩ exchanger the availability of protons at the luminal surface. Because peptide influx accelerates also Na ϩ influx (via the Na ϩ /H ϩ exchanger) we also assessed whether peptide absorption may contribute to intestinal fluid absorption. We therefore perfused the jejunum of WT and Slc15a1 Ϫ/Ϫ mice and determined fluid movement. When 10 mM NaCl were replaced by 20 mM Gly-Sar, a robust increase in fluid absorption was observed, which was completely absent in tissues from animals lacking PEPT1. These data demonstrate that PEPT1 may contribute substantially to overall fluid movement in the absorptive state; it may be speculated that this is even higher when peptides are employed that can easily be hydrolyzed in the cell. That hydrolysis in the cell is also a driving force for peptide uptake has already been demonstrated (3).
In summary, the present study demonstrates that PEPT1 is the sole proton-coupled electrogenic dipeptide transport process in mouse intestine. Moreover, we show that only the membrane potential but not the pH gradient determines transport at high luminal substrate concentrations found in the digestive phase in the gut lumen. The function of PEPT1 as an acid loader for epithelial cells in intact tissues is also for the first time demonstrated in vivo. The mechanisms by which peptide uptake via PEPT1 contributes to intestinal fluid absorption in the absorptive phase warrants further studies.
